Exercise improves cognitive function in older adults, but the underlying mechanism is largely unknown. Both lysosomal degradation and mitochondrial quality control decline with age. We hypothesized that exercise ameliorates age-related cognitive decline through the improvement of mitochondrial quality control in aged hippocampus, and this effect is associated with lysosomal proteolysis. Sixteen to eighteen-month old male Sprague Dawley rats underwent swim exercise training for 10 weeks. The exercise regimen prevented cognitive decline in aged rats, reduced oxidative stress, and rejuvenated mitochondria in the aged hippocampus. Exercise training promoted mitochondrial biogenesis, increased mitochondrial fusion and fission, and activated autophagy/mitophagy in aged hippocampal neurons. Lysosomal inhibitor chloroquine partly blocked beneficial effects of exercise on cognitive function, oxidative stress, autophagy/mitophagy, and mitochondrial quality control in aged rats. These results suggest that preservation of cognitive function by long-term exercise is associated with improvement of mitochondrial quality control in aged hippocampus and that lysosomal degradation is required for this process. Our findings suggest that exercise training or pharmacological regulation of mitochondrial quality control and lysosomal degradation may be effective strategies for slowing down age-related cognitive decline.
Mitochondrial dysfunction is an early and causal event in neurodegeneration (1) . Mitochondrial quality control plays a crucial role in counteracting age-related cognitive decline (2) . Mitochondrial dynamics (mitochondrial fusion and fission), mitochondrial biogenesis, and mitophagy (mitochondrial autophagy) are the main mechanisms for mitochondrial quality control (3) . In mitochondrial fusion, intact mitochondria fuse with damaged mitochondria to share solutes, metabolites and proteins, thereby maintaining the metabolic function of the damaged unit (4) . Functionally compromised mitochondria can be rescued in the mitochondrial network by fission (5) . Mitophagy is the process whereby damaged mitochondria are removed through autophagy-lysosomal pathway, thereby clearing damaged mitochondria and reducing oxidative burden in cells. Mitochondrial biogenesis balances mitophagy by generating new mitochondria, leading to greater mitochondrial metabolic capacity to meet tissue energy demand (6) . A decline in mitochondrial turnover caused by reduced mitochondrial biogenesis is considered to be a pivotal factor in the process of aging (7) . An imbalance between mitochondrial fusion and fission (8) , a decline in autophagy/mitophagy function (6, 9, 10) , and a decrease in mitochondrial biogenesis (11) , may lead to dysregulation of mitochondrial quality control and consequently age-related cognitive decline (2, 6, 7, 9, 12, 13) .
With aging, lysosomes suffer remarkable alterations, such as accumulation of lipofuscin due to continuous oxidative stress and subsequent decline of proteolysis (14) . It has been demonstrated that age-related lysosomal disruption may be involved in some neurodegenerative diseases, such as Parkinson disease (15, 16) . More importantly, as one of the most prominent intracellular repair and renewal mechanisms, autophagy degrades intracellular components by delivering them to the lysosomal machinery. Thus aging-induced dysfunction of lysosomal proteolysis will inevitably lead to incomplete degradation of defective organelles, including mitochondria, thereby contributing to the decline of mitochondrial quality control.
Human and animal studies have demonstrated beneficial effects of exercise on cognitive function in the aging brain (17) (18) (19) . However, the underlying mechanisms are still largely unknown. Exercise counteracts the age-related decline in hippocampal function by improving redox balance in the aged hippocampus (20) . This effect may be related to exercise-induced reduction of oxidative stress (20, 21) and lipofuscin-like autofluorescent substances (21) . The upregulation of a key mitochondrial biogenesis regulator, transcriptional coactivator peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α), may also contribute to an improved redox balance in the aged hippocampus (20) . We hypothesized that exercise-induced amelioration of cognitive function was associated with improvement of mitochondrial quality control in aged hippocampus, and lysosomal proteolysis is required for this effect. In this study, we demonstrated that exercise improved cognitive function, increased mitochondrial biogenesis, and mitochondria fusion and fission, and activated autophagy/mitophagy, and lysosomotropic factor chloroquine partly blocked the effects of exercise.
Materials and Methods

Animals and Treatments
Forty-eight male Sprague Dawley rats (9 rats were 3 months old, 291 ± 29 g and 39 rats were 16-18 months old, 663 ± 57 g) were obtained from the Experimental Animal Center of Soochow University. One week after arriving at the facility, 16-to 18-month old rats were randomly assigned to four groups: (i) old sedentary control group (OC, n = 9), (ii) swim exercise group (E, n = 10), (iii) swim exercise plus saline group (E + saline, n = 10), and (iv) swim exercise plus chloroquine group (E + CQ, n = 10), whereas 3-monthold rats were used as a young control group. Rats were kept in individual cages at 22 ± 2.5°C and a 12-hour light-dark cycle with ad libitum access to standard rat chow and drinking water. For lysosomal inhibition, rats in the E + CQ group were intraperitoneally injected with 15 mg/kg chloroquine (Sigma-Aldrich, dissolved in normal saline) once a day for 10 weeks. Rats in the E + saline group were injected with normal saline only. Body weight was recorded once a week. The study protocol was approved by the Animal Care Ethical Committee of Soochow University.
Exercise Training Protocol
Rats in the E, E + saline, and E + CQ groups were allowed to acclimate to swim exercise during a 1-week pretraining period. Prior to swim, a fishing weight (1% of the body weight of each rat) was attached to the tail to control the exercise intensity according to our previous preliminary experiment. Free-style swim was performed inside a glass container (100 × 70 × 70 cm) with a water temperature of 30 ± 2°C. Four to five rats were placed inside the container simultaneously, and they performed swim exercise for 30 minutes per day, 5 days per week, for 10 weeks. After swim exercise, rats were dried using a hair dryer and then returned to their home cages.
Morris Water Maze Test
During the last 4 days in the 10th week of swim exercise training, rats were tested for spatial learning and memory performance with the Morris water maze as described previously (22) . The maze consisted of a 1.8-m-diameter circular white fiberglass pool filled to a depth of 50 cm with water (26 ± 1°C) made opaque with the addition of nontoxic white latex paint and was in a room with extra maze cues on the walls around the pool. A circular escape platform (10-cm diameter) was submerged approximately 2 cm below the water surface in one of the quadrants of the pool, and this position remained constant throughout testing. All rats were first habituated to the maze with a 60-s free swim in the pool prior to testing. Rats then completed 12 trials over 3 consecutive days to learn the location of the submerged platform (four trials per day; 60-s maximum trial duration). If the rat did not find the platform within 60 seconds it was placed on the platform for 15 seconds. Latencies to locate the hidden platform and swim paths were monitored by a video camera mounted in the ceiling and a computerized tracking system (ANY-maze video tracking system, Stoelting Co.). On Day 4, the rats were given a 60-s retention test of the spatial location (probe test) with the platform absent, and the percentage time in each pool quadrants was recorded.
Measurement of Swimming Endurance Capacity
Twenty-four hours after the Morris water maze test, all rats were subjected to a progressive load test in the swimming apparatus (100 × 70 × 70 cm) in order to determine endurance capacity. The rats were placed in the water (26 ± 1°C, 45 cm in depth) with a load attached to the tail corresponding to 1% of their body weight, with a step increase in weight (1% of each rat's body weight) every 3 minutes until exhaustion (determined by 10 continuous seconds submerged). The time to exhaustion was recorded as the endurance capacity of each rat.
Tissue Harvesting
Forty-eight hours after swimming endurance capacity measurement, the rats were sacrificed by decapitation under anesthesia and the heart, hippocampus, striatum, and gastrocnemius were removed and stored at −80°C prior to analysis.
TBARS Assay
Thiobarbituric acid reactive species (TBARS), a marker of total oxidative damage, was measured using TBARS assay kit (Abnova, Taiwan) according to the manufacturer's instructions. Briefly, 0.1 mL of each hippocampus sample was mixed with 0.1 mL of sodium dodecyl sulfate (SDS) solution and 4 mL of color reagent, heated at 100°C for 60 minutes, then placed on ice for 10 minutes to stop the reaction. Samples were then centrifuged for 10 minutes at 1,600g at 4°C and the absorbance at 532 nm measured using a spectrophotometer (DU 640B, Beckman Coulter Inc., CA). Results were expressed as nmol TBARS/mg protein.
Assay of Mitochondrial Complex I and IV Activity
The mitochondria-enriched fractions from rats' hippocampus were assayed for Complex I and IV activities. Mitochondrial Complex I activity was measured using Complex I activity assay kit (Suzhou Keming ST, Suzhou, China) according to manufacturer's instructions. Mitochondrial proteins were extracted by adding 1/10 volume of lauryl maltoside, and 50 μg of proteins were used. Complex I was immunocaptured on 96-well plates, and Complex I activity was measured based on the absorbance at 340 nm and expressed as the change in absorbance per minute per microgram protein.
Mitochondrial Complex IV activity was measured using Complex IV activity assay kit (Suzhou Keming ST, Suzhou, China). Mitochondrial proteins were extracted by adding 1/10 volume of lauryl maltoside, and 75 μg of proteins were used. Complex IV was immunocaptured on 96-well plate, and Complex IV activity was measured based on the absorbance at 550 nm and expressed as the change in absorbance per minute per microgram protein.
Electron Microscopy
For transmission electron microscopic examination, 1 mm 3 sections of hippocampal tissue from the dentate gyrus area were first immersed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2), post fixed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4), dehydrated in graded ethanol series, and then flat embedded in Araldite. Randomly selected ultra thin sections (40-to 60-nm thick) were placed on grids (200 mesh size) and double stained with uranyl acetate and lead citrate. The grids containing the sections were observed under a JEM-1230 electron microscopy.
Assay of Protein Carbonyls
Protein carbonyl was detected using the Oxidized protein Western blot kit (Abcam) according to the manufacturer's instructions. Briefly, 4 µg of protein lysates from hippocampus of rats were derivatized with 2,4 dinitrophenyl hydrazine, and the proteins were separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes. After blocking, membranes were incubated with dinitrophenyl or β-actin antibody at 4°C overnight, followed by incubation with antirabbit IRDye secondary antibodies (1:10,000; Li-Cor Bioscience) for 1 hour at room temperature. The images of protein-antibody interaction were captured with the Odyssey infrared imaging system (Li-Cor Bioscience) and analyzed with Image J.
Immunoblotting
Frozen hippocampal and striatum samples were lysed and used for immunoblotting as described previously (23) . Equal amounts (30-45 μg) of total protein extracts were separated by 6%-15% SDS-PAGE and then transferred onto nitrocellulose membranes. Nonspecific binding was blocked by incubating membranes in Trisbuffered saline containing 0.05% Tween 20 (v/v) and 5% nonfat milk (v/v) for 1 hour. Blots were incubated with primary antibodies as follows: brain derived neurotrophic factor (BDNF, 1:300; Santa Cruz), 4-Hydroxynonenal (4-HNE, 1:500, R&D), Nitrotyrosine (1:1000; Millipore), Superoxide Dismutase-1 (SOD-1, 1:1000; Proteintech), ataxia telangiectasia mutated (ATM, 1: 500, Abcam), p-ATM (1: 200, Abcam), PGC-1α (1:500; Santa Cruz), Mitofusin 2 (Mfn2, 1:1000; Proteintech), Dynamin related protein 1 (Drp1, 1:1000; Cell Signaling), microtubule-associated protein 1 light chain 3 (LC3, 1:1000; Abcam), polyubiquitin-binding protein p62 (1:1000; Enzo Life Science), Atg5 (1:1000; Cell Signaling), Parkin (1:1000, Abcam), and β-actin (1:5000; Sigma) at 4°C overnight. The membranes were washed and incubated with IRDye secondary antibodies (1:10,000) for 1 hour at room temperature. The images of protein-antibody interaction were captured with the Odyssey infrared imaging system and analyzed with Image J with normalization to the loading control β-actin.
Immunofluorescence
Rats were deeply anesthetized with pentobarbital sodium and transcardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Isolated brains were fixed with 4% paraformaldehyde overnight and then stored in 20% sucrose in 0.1 M PBS at 4°C overnight. Coronal brain sections (30-μm thick) were cut with a cryostat, washed in PBS for 3 × 10 minutes, and blocked in PBS containing 1% horse serum and 0.1% Triton X-100 for 1 hour at room temperature. The sections were incubated with a mixture of rabbit anti-LC3 A/B (1:1000; Cell signaling), or rabbit antip62 (1:1000; Enzo Life Science), and mouse anti-NeuN antibodies (1:1000; Abcam) at 4°C for 24 hours. After being rinsed three times with PBS, brain sections were incubated with FITC-conjugated antimouse IgG (1:400; Jackson ImmunoResearch) and Cy3-conjugated anti-rabbit IgG (1:400; Jackson ImmunoResearch) for 1 hour at 37°C and rinsed three times with PBS. Nuclei were counterstained with 6-diamidino-2-phenylindole, and slides were cover-slipped with Vecta shield mounting medium (Vector Lab), and analyzed with a confocal microscopy (Zeiss, Germany).
Quantitative Real-Time PCR
Total RNA was extracted from the hippocampus of rats using Trizol (Invitrogen) following the manufacturer's protocols. cDNA was synthesized using a TransScript First-Strand cDNA Synthesis Kit (Takara, Shiga, Japan). Real-time PCR was performed with SYBR Green Real-Time PCR Master Mix (Takara) on a LightCycler 480 Real-time PCR Instrument (Roche). Relative gene expression levels were calculated by the 2 -ΔΔCt method. The primers were listed in Supplementary Table 1 .
Analysis of mtDNA
Genomic DNA was extracted from the hippocampus of rats using mammalian genomic DNA kit (Sigma-Aldrich) following the manufacturer's protocols. mATP6 and mNADH4 were used as mtDNA markers, and nuclear intron of β-globin was used as a nDNA marker. mATP6 and mNADH4 primers were designed from regions of mtDNA not found in nuclear-encoded mitochondrial pseudogenes, and their sequences are listed in Supplementary Table 2 . The quantification of mtDNA was based on the normalization to β-globin.
Statistical Analysis
One-or two-way analysis of variance was used for the comparison among different groups at different time points, and Newman-Keuls post hoc tests were performed for pair-wise comparison among different groups.
Results
Exercise-Induced Cognitive Improvement in Aged Rats Was Partly Dependent Upon Lysosomal Proteolytic Function
Learning and memory capacity was assessed in all rats using the Morris water maze test. Rats were tested in the hidden platform version of the water maze for 3 consecutive days, and goal latency and path length were evaluated. Old sedentary rats spent more time in locating the hidden platform than young sedentary rats on Days 1, 2 and 3 ( Figure 1A-D) . Compared with old sedentary rats, exercised old rats (E and E + saline groups) exhibited reduced goal latencies on Days 2 and 3 ( Figure 1A , C, and D), suggesting that exercise improves learning and memory in older rats. Exercised rats administered with lysosomal inhibitor chloroquine (E + CQ group) showed a significantly reduced goal latency on Day 3 compared with rats in OC group ( Figure 1D ), but goal latency was significantly higher than in E + saline group ( Figure 1D ), suggesting that exercise-induced improvements in learning and memory were partly blocked by autophagy inhibition. Similarly, rats in OC group had longer swim paths to the platform on Days 2 and 3 than in YC group (Supplementary Figure 2A , C, and D), indicating that young rats were better than old rats to learn the task. Rats in E and E + saline groups showed reduced path lengths compared with rats in OC group on Days 2 and 3 ( Figure 2C and D) . On Day 3, path length to the platform in E + CQ group was significantly lower than in OC group, but significantly higher than in E + saline group (Supplementary Figure 2D) . A probe trial test was performed on Day 4. Rats in OC group spent significantly less time in the target quadrant compared with rats in YC group ( Figure 1E ), suggesting a deficit in memory retention. Rats in E, E + saline, and E + CQ groups spent significantly more time in the target quadrant compared with age-matched control rats ( Figure 1E ). However, rats in E + CQ group spent significantly less time in the target quadrant than rats in E + saline group (Figure 1E ), indicating that exercise-induced improvement in memory retention is partly blocked by lysosomal inhibition.
In addition, all old rats showed significant decrease in hippocampal BDNF protein levels compared with young rats, but the decrease was ameliorated by swim exercise (Supplementary Figure 2E) . BDNF protein expression in E + CQ group was significantly lower than in E + saline group (Supplementary Figure 2E) . Besides, exercise increased the BDNF mRNA level (E + saline vs OC, Supplementary Figure 8A ) and chloroquine decreased the BDNF mRNA expression (E + CQ vs E +saline, Supplementary Figure 8A) . These results suggested that exercise-induced improvement of cognitive decline was associated with the upregulation of BDNF expression in the aged hippocampus and that lysosomal inhibition partly blocked the effects.
Exercise-Induced Reduction in Oxidative Stress in the Aged Hippocampus Was Partly Dependent Upon Lysosomal Proteolytic Function
To determine the effect of exercise on hippocampal oxidative damage and antioxidant defense systems, we measured lipid peroxidation levels, protein carbonyls, protein nitrotyrosine formation, DNA damage, and SOD-1 protein level in hippocampal homogenates. Compared with young sedentary rats, old sedentary rats had increased TBARS Figure 3A) , 4-HNE levels (Supplementary Figure 3B) , nitrotyrosine levels (Supplementary Figure 3C) , protein carbonyls levels (Supplementary Figure 3D) , increased p-ATM/ ATM ratio (Supplementary Figure 3E) , and decreased SOD-1 levels (Supplementary Figure 3F) in the hippocampus. Ten weeks of swim exercise reduced oxidative damage in older rats, as evidenced by decreased TBARS levels (Supplementary Figure 3A) , 4-HNE levels (Supplementary Figure 3B) , nitrotyrosine levels (Supplementary Figure 3C) , protein carbonyls levels (Supplementary Figure 3D) , decreased p-ATM/ATM ratio (Supplementary Figure 3E) , and increased SOD-1 levels (Supplementary Figure 3F) compared with old sedentary rats. Compared with E + saline group, rats in E + CQ group had increased TBARS levels (Supplementary Figure 3A) , 4-HNE levels (Supplementary Figure 3B) , nitrotyrosine levels (Supplementary Figure 3C) , protein carbonyls levels (Supplementary Figure 3D) , increased p-ATM/ATM ratio (Supplementary Figure 3E) , and decreased SOD-1 levels (Supplementary Figure 3F) in the hippocampus. To investigate if exercise or chloroquine regulates hippocampal oxidative damage and antioxidant defense systems at the transcription level, ATM and SOD-1 mRNA expressions were determined with qPCR. The results showed that neither exercise nor chloroquine affected the expressions of SOD-1 and ATM mRNA levels (Supplementary Figure 8B and C) . Collectively, these data indicated that swim exercise training reduced oxidative damage and DNA damage and fortified antioxidant defense systems in the hippocampus of old rats and that lysosomal inhibition partly blocked the effects.
levels (Supplementary
Exercise-Induced Rejuvenation of Mitochondria in Aged Hippocampus Was Partly Dependent Upon Lysosomal Proteolytic Function
The hippocampal neurons in YC animals showed mitochondria with intact morphology without visible abnormalities (Figure 2A ). In contrast, clusters of abnormal mitochondria, with damaged cristae and membrane disruption were observed in hippocampal neurons from old sedentary rats (OC group) ( Figure 2B ). In addition, the accumulation of lipofuscin was observed in the cytoplasmic matrix of hippocampal neurons from OC rats ( Figure 2B ). Swim exercise increased the number of intact mitochondria and reduced the number of mitochondria with accumulation of vacuoles and lipofuscin ( Figure 2C ). The beneficial effects of exercise on mitochondrial integrity were decreased in exercised rats treated with chloroquine. Mitochondria in hippocampal neurons from rats in E + CQ group had more damaged cristae and membrane disruptions ( Figure 2D ). Hippocampal neurons in E + CQ group also showed increased accumulation of lipofuscin ( Figure 2D ).
The mitochondrial enriched fractions from the hippocampus of young and aged rats were analyzed for Complex I and IV activities. The activities of Complex I and IV decreased significantly in the aged rats compared with YC groups (Figure 2E and F) . Exercise training increased the activities of Complex I and IV compared with OC groups (Figure 2E and F) . Chloroquine decreased the activities of Complex I and IV compared with E + saline group ( Figure 2E and F) .
Exercise-Induced Mitochondrial Biogenesis in Aged Hippocampus Was Partly Dependent Upon Lysosomal Proteolytic Function
To assess the effects of swim exercise on mitochondrial biogenesis, we measured hippocampal mRNA and protein levels of PGC-1α. Compared with young rats in YC group, mRNA and protein levels of PGC-1α were significantly lower in hippocampal lysates from aged rats ( Figure 3A and B) . Exercised rats in E, E + saline group had significantly higher levels of PGC-1α than in OC group ( Figure 3A and B). PGC-1α levels in E + CQ group were significantly higher than in OC group, but significantly lower than in E + saline group ( Figure 3A and B) .
Next, we detected the amount of mtDNA copy number in the hippocampus of rats based on the ratio of the mitochondrial genes to the nDNA (mtDNA/nDNA). We found that mtDNA copy number was decreased dramatically in OC rats compared with YC rats (Figure 3C and D) . Swim exercise increased mtDNA copy number in E and E + saline group compared with OC group rats, respectively ( Figure 3C and D) . Chloroquine partly decreased the effects of exercise on the mtDNA copy number in exercised rats (E + CQ vs E + saline, Figure 3C and D).
Exercise-Induced Mitochondrial Fusion and Fission in Aged Hippocampus Was Partly Dependent Upon Lysosomal Proteolytic Function
Under electron microscope, we observed high incidence of mitochondria under fusion or fission in hippocampal neurons of rats in E and E + saline group ( Figure 4A and B) . To further determine the effects of exercise on mitochondrial dynamics, we measured the mRNA and protein levels of Mfn2 and Drp1, which are core regulators of mitochondrial fusion and fission, respectively, in the hippocampus of the aged rats. The mRNA and protein levels of Mfn2 and Drp1 were significantly lower in the old groups compared with the young groups ( Figure 4C-F) . Rats in the exercised groups had significantly higher hippocampal mRNA and protein levels of Mfn2 and Drp1 than rats in the old sedentary groups ( Figure 4C-F) . Notably, chloroquine significantly decreased mRNA and protein levels of Mfn2 and Drp1 compared with E + saline group (Figure 4C-F) . These results suggested that exercise increased mitochondrial fusion and fission in aged hippocampus and lysosomal proteolysis might be involved in this process.
Exercise Activated Autophagy/Mitophagy Activity in Aged Hippocampus and Chloroquine Blocked the Autophagy Flux
Next we measured hippocampal levels of LC3, p62, Atg5, and Parkin to determine the effects of exercise on autophagy/mitophagy proteins. LC3 is a ubiquitin-like protein, which has nonlipidated and lipidated forms (LC3-I and LC3-II, respectively). LC3-II associates with the membranes of autophagic structures, including phagophores, autophagosomes, and autolysosomes. Monitoring the amount of LC3-II is commonly used to assess the steady state of autophagosomes. The increased LC3-II/I suggests the build-up of autophagosomes and/or decrease in autophagy-lysosome procession. The p62 serves as an index of autophagic degradation. Atg5 is an autophagy-related protein that associates with phagophore. Parkin is a ubiquitin ligase, which is selectively recruited to damage mitochondria, and promotes their autophagy. Chloroquine, which is a lysosomotropic agent that neutralizes the lysosomal pH, has been recommended to measure the flux of autophagosomes (24, 25) . The LC3-II protein level was significantly higher in OC group than in YC group ( Figure 5A ). In addition, p62 protein level was significantly higher while Atg5 protein level was significantly lower in OC group than in YC group ( Figure 5B and C) . These data suggested that autophagosomes accumulated in aged hippocampus as a result of reduced autophagic degradation. The protein level of LC3-II in O + CQ group was significantly higher than in OC group (Supplementary Figure 4A) . Moreover, the p62 and Parkin proteins also increased significantly in aged hippocampus in O + CQ group due to lysosomal inhibition (Supplementary Figure 4B and C) , suggesting that chloroquine further reduced lysosomal degradation in aged hippocampus.
Swim exercise significantly decreased LC3-II protein level, LC3-II/ LC3-I protein ratio, and p62 protein level ( Figure 5A and B) . In addition, exercise training increased the levels of Atg5 and Parkin compared with OC group (Figure 5C and D). Chloroquine significantly increased the level of LC3-II, accompanied by increased levels of p62, Atg5, and Parkin in exercised old rats (E + CQ vs E + saline group, Figure 5A-D) , suggesting that exercise increased autophagy flux in aged hippocampus and that lysosomal proteolysis was crucial for this effect.
Furthermore, immunofluorescence analysis demonstrated the accumulation of LC3 and p62 in the hippocampus of aged rats compared with YC group (Supplementary Figure 5A and B and Supplementary Figure 6A and B) . Exercise increased the clearance Figure 5D and E and Supplementary Figure 6D and E). The localizations of LC3 and p62 in neurons were shown in Supplementary Figures 5F and 6F , respectively.
Moreover, under electron microscopy, we observed high incidence of autophagosomes in neurons from OC group (Supplementary Figure 7A) , autophagosomes which engulfed mitochondria in neurons from E or E + saline group (Supplementary Figure 7B) , and "giant" autophagosomes which engulfed mitochondria in neurons from E + CQ group (Supplementary Figure 7C) .
To determine if exercise or chloroquine affected autophagy/ mitophagy signaling pathway at transcription level in aged hippocampus, qPCR was performed to determine the mRNA levels of LC3, p62, Atg5, and Parkin. As shown in Supplementary Figure 8 , exercise upregulated the mRNA expressions of Atg5 and Parkin (E + saline vs OC group, Supplementary Figure 8F and G) and downregulated the mRNA expression of LC3 (E + saline vs OC group, Supplementary Figure 8D) . Chloroquine downregulated the mRNA expressions of LC3, p62, Atg5, and Parkin in the exercised old rats hippocampus (E + CQ vs E + saline group, Supplementary Figure 8D -G), suggesting that increases of autophagy-related proteins in E + CQ group might result from decreased degradation rather than increased expression.
To determine if exercise or chloroquine exerted similar effects on autophagy/mitophagy in other brain regions as in hippocampus, we studied striatal tissues for autophagy/mitophagy-related proteins from the same rats. The protein level of LC3-II in OC rats was not different from that in YC rats (Supplementary Figure 9A) , suggesting that there might be no accumulation of autophagosomes in aged striatum. Moreover, the protein level of p62 was significantly lower in OC group than in YC group (Supplementary Figure 9B ). The protein level of Parkin was also lower in OC group than in YC group (Supplementary Figure 9D) . Exercise did not affect the protein levels of LC3-II, p62, Atg5, Parkin, and LC3-II/LC3-1 ratio (Supplementary Figure 9A-D) , indicating that exercise did not activate autophagy in striatum. Chloroquine increased levels of LC3-II, p62, and Parkin in exercised rats' striatum (E + CQ vs E + saline, Supplementary Figure 9A , B, and D), suggesting that lysosomal inhibition blocked the degradation of these proteins in striatum. Taken together, these results revealed that exercise paradigm used in this study did not induce significant autophagy activation and that chloroquine inhibited autophagy/lysosomal degradation in aged striatum ( Figure 6 ).
Discussion
In the present study, we examined the effects of long-term exercise on cognitive function in aged rats and mitochondrial quality control in aged hippocampus. Ten weeks of swim exercise training mitigated cognitive decline in aged rats. Exercise-induced improvement in cognitive performance was associated with increased markers of mitochondrial biogenesis and dynamics and the activation of autophagy/ mitophagy in the hippocampus. Lysosomal inhibitor chloroquine partly blocked beneficial effects of exercise on cognitive function, autophagy/mitophagy, and mitochondrial quality control in aged rats. Our data suggest that mitochondrial quality control plays an important role in aged hippocampus. Exercise-induced amelioration of cognitive decline in aged rats may be associated with enhanced autophagic activation and mitochondrial quality control, and lysosomal proteolysis is associated with these effects.
Mitochondria are crucially implicated in the process of aging due to the important role in energy production and apoptosis (14) . Recent studies have linked the progressive decline in neuronal mitochondrial structure and function with cognitive impairment in aged animals (26) (27) (28) . The present study demonstrated that exercise improved mitochondrial quality control, reduced oxidative damage in the aged hippocampus, and thus contributed to improved cognitive function in aged rats. Exercise increased the proliferation of intact mitochondria and reduced the number of mitochondria with vacuoles and lipofuscin in aged hippocampal neurons. In addition, exercise increased mitochondrial content and the activities of Complex I and IV, which have been demonstrated to be dysfunctional in the electron transport chain in the aged brain (29) . Exercise training also increased the level of antioxidant enzyme SOD-1 and reduced oxidative damage as evidenced by lower levels of TBARS, 4-HNE, nitrotyrosine, carbonyl groups, and p-ATM/ATM ratio in the aged hippocampus of exercised rats. Furthermore, we demonstrated that the restoration of mitochondrial ultrastructure, components, and function by exercise training was partly blocked by lysosomal inhibitor chloroquine. These data suggest that lysosomal degradation may play an important role in mediating the effects of exercise on mitochondrial quality control in aged brain.
Recent findings suggest that exercise training could promote mitochondrial biogenesis in aged human skeletal muscle (30) . Exercise also promoted mitochondrial biogenesis in normal adult brain and ischemic brain tissue (31) (32) (33) . Moreover, exercise-induced upregulation of PGC-1α has been observed in the middle-aged hippocampus (20) . Our results provide additional evidence that endurance exercise increased the expression of PGC-1α and stimulated mitochondrial biogenesis in the aged brain. Notably, these effects were partly blocked by chloroquine, indicating the involvement of lysosomal proteolytic degradation in exercise-induced mitochondrial biogenesis.
It is well known that the number of dysfunctional mitochondria increases in aged cells (34) , and disparate fusion and fission processes may account for the altered mitochondrial morphology (8) . Age-associated alterations in mitochondrial dynamics may play a causative role in mitochondrial dysfunction and increased susceptibility to cell death in response to various types of stress during progressive aging (8) . However, little is known about the effects of mitochondrial dynamics on aging due to the dynamic nature of mitochondria and the difficulty in visualizing fusion and fission events in in vivo models of mammalian aging (8) . Our current data indicated a decline of mitochondria fusion and fission in aged hippocampus, and exercise training increased the mRNA and protein expressions of both Mfn2 and Drp1, which are key regulators of mitochondria fusion and fission. Interestingly, chloroquine decreased the mRNA and protein expressions of both Mfn2 and Drp1. The reduction of mitochondrial fusion and fission in E + CQ group might be due to the downregulation of mitochondrial fusion and fission regulators. However, the accumulation of damaged mitochondria, resulting from disruption of lysosomal proteolysis, might also inhibit mitochondrial fusion and fission by feedback mechanisms, because degradation of damaged mitochondria is an integral part of mitochondria quality control. Taken together, these data suggest that modulation of mitochondrial dynamics by exercise is associated, at least in part, with lysosomal proteolytic activity.
Autophagy is a key regulator of the aging process (10) . The aging brain is particularly vulnerable to the effects of dysfunctional autophagy because post-mitotic neurons are heavily dependent upon high basal levels of autophagy compared with non-neuronal cells, because misfolded proteins and damaged organelles cannot be diluted through cell division (35) . Alterations in the autophagy/ lysosomal degradation pathway have been described in normal brain aging (36) . Dysregulation of autophagy/lysosomes may induce the disturbance in neuroendocrine homeostasis in the aging brain, and thus contributes to the accumulation of lipofuscin, which in turn can inhibit autophagy (37) . Hippocampus is a region critical for learning and memory (38) . Increased hippocampal accumulation of autophagosomes due to reduced degradation could predict shortterm recognition memory impairment in aged mice (39) . Similarly, a decline in hippocampal autophagic degradation was associated with age-dependent cognitive dysfunction in mice (9) . These studies suggest that dysfunction of autophagy/lysosomes may contribute to memory impairment in aging brain. Recently, a number of studies confirmed the role of autophagy in mediating exercise-induced metabolic benefits both in the young and in the old (40) (41) (42) (43) (44) . Moreover, exercise induced autophagy in adult mouse and rats brain, raising the possibility that autophagy mediates beneficial effects of exercise on neurodegeneration and cognitive functioning (45, 46) . Bayod and colleagues reported that adult rats undergoing 36-week moderate treadmill training showed an inactivation of mTOR, greater autophagy flux, and increased LAMP1 in the cortex (47) . In this study, a decline in autophagic degradation was observed in the aged hippocampus, as evidenced by accumulations of LC3-II and p62 proteins and downregulation of autophagy-related protein Atg5. Swim exercise activated the autophagic process, as indicated by increased autophagy flux and the upregulation of autophagy-and mitophagyrelated proteins. Chloroquine partly blocked the effects of exercise on autophagy degradation. These results suggest that autophagy/lysosomal function is closely related with beneficial effects of exercise training on cognitive function.
Chloroquine has been recommended to measure autophagy flux because of its ability to inhibiting lysosomal activity by raising lysosomal pH (24) . However, chloroquine has also been found to interfere with protein translation (48) and proteasomal function (49) . In this study, chloroquine downregulated the mRNA levels of autophagy-related genes, including LC3, p62, Atg5, and Parkin, suggesting that the accumulation of these proteins in aged hippocampus might result from inhibition of lysosomal proteolysis. Chloroquine also decreases the mRNA expressions of BDNF and PGC-1α, which might contribute to the downregulation of these two proteins in aged hippocampus. However, it can't be excluded that these two proteins were mainly degraded by ubiqutin-proteasome system. Interestingly, chloroquine did not affect the mRNA levels of ATM and SOD-1, suggesting that chloroquine, as a lysosomal inhibitor, did not generally suppress the transcription activity. It is likely that the downregulation of SOD-1 and ATR proteins was due to the effect of CQ on protein translation, or they were mainly degraded by proteasome, which might be upregulated due to lysosomal inhibition.
Striatum primarily mediates motor function and operant responding (50, 51) . With aging, there is structural and functional decline in striatum (52, 53) . Whether and how autophagy participates in the aging of striatum were still not clear. Soontornniyomkij and colleagues found that increased accumulation of autophagosomes in hippocampus predicted short-term recognition memory decline in aged mice. However, they did not observe accumulation of autophagosomes in aged striatum, which was consistent with our study (39) . Mounting evidence have suggested that exercise can bring about beneficial effects on the aged brain (17) (18) (19) , and brain regions respond diversely upon different exercise paradigms, including exercise type, intensity, and duration (54, 55) . In this study, we found that 10 weeks of swim exercise training enhanced the autophagy signaling in aged hippocampus but not in striatum, accompanied by improved learning and memory capacity in aged rats. Further studies will be required to elucidate the role of autophagy in the aging of striatum and the effects of different exercise paradigm on striatum and motor function.
Some limitations of this study should be pointed out. (i) Exercise might also increase protein degradation through proteosome (56) . (ii) The use of chloroquine by intraperitoneal injection to inhibit lysosomal function is nonselective and will cause offtarget effects within or outside the hippocampus. (iii) Chloroquine might interfere with protein translation (48) and proteasomal function (49) . (iv) The origin of the cargo (autophagy or endocytosis) degraded in lysosomes is not clear. (v) The autophagic routes (macro-, micro-, or chaperone-mediated autophagy) involved in the improvement are unknown. Thus, genetic approaches will better clarify the connection among exercise-induced oxidative stress, autophagy, mitochondrial dynamics, and mitochondrial biogenesis changes.
In summary, the present study demonstrated that long-term exercise training ameliorates cognitive decline in aged rats, reduces oxidative stress, and rejuvenates mitochondria in the aged hippocampus, and these effects may be associated with improvement of mitochondrial quality control, and lysosomal proteolysis may be required for these effects. 
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